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Abstract The relationship between structure of tenascin-C (Tn-
C), a multi-domain extracellular matrix protein, and its
stimulation of chondrogenesis was examined using recombinant
Tn-C isoforms (full length or with specific domains deleted) as
substrata for undifferentiated chicken mesenchymal cells. Of the
Tn-C variants tested, only Tn-C lacking the fibrinogen-like
domain or Tn-C comprised solely of fibrinogen-like domains
failed to stimulate chondrogenesis. The ability of variants to
stimulate chondrogenesis was not dependent on their ability to
support adhesion or stimulate proliferation. These results
demonstrate that the fibrinogen-like domain of Tn-C is necessary
but not sufficient for induction of chondrogenesis. ß 2000 Fed-
eration of European Biochemical Societies. Published by Else-
vier Science B.V. All rights reserved.
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1. Introduction
Development of a chondrogenic cell lineage from undi¡er-
entiated mesenchymal cells in the limb bud is an important
process in endochondral bone formation. Chondrogenic
events include: mesenchymal cell rounding and aggregation
of resultant chondroblasts; proliferation and maturation of
aggregated chondroblasts with expression of cartilage speci¢c
proteins, such as type II collagen, proteoglycans and hyalur-
onan [1^3] to form chondrogenic nodules; and hypertrophy of
mature chondrocytes with expression of type X collagen.
The extracellular matrix (ECM) is an important regulator
of chondrogenesis and separation of chondrocytes from their
ECM induces de-di¡erentiation [4]. The ECM glycoprotein
tenascin-C (Tn-C) appears to play a role in early di¡erentia-
tion events. Tn-C is present in condensing mesenchyme of
embryonic cartilages, however, it is lost from cartilage with
progressive chondrocyte maturation [5,6]. In vitro, Tn-C stim-
ulates chondrogenesis in cultures of mesenchymal cells from
chicken embryo wing buds (CEWB) [5] and antibodies against
Tn-C inhibit chondrogenesis [7].
Tn-C is a hexamer, formed by disul¢de bonding between N-
terminal domains of two trimers. Monomers (see Fig. 1) com-
prise ¢bronectin (Fn) type III-like and epidermal growth fac-
tor (EGF)-like repeated domains and a single L/Q ¢brinogen-
like domain [8]. Chicken Tn-C has eight constitutive Fn type
III-like repeats, six non-constitutive Fn type III-like repeats
(A, B, D, AD2, AD1 and C) produced as a result of alter-
native splicing and 13.5 EGF-like repeats [9].
Structure^function relationships of Tn-C domains were in-
vestigated with respect to stimulation of chondrogenesis in
CEWB cells cultured on substrata of recombinant Tn-C. A
number of full length recombinant Tn-C isoforms and var-
iants of the smallest of these, Tn-190, with speci¢c domains
deleted were used. Electron microscopy of these recombinant
Tn-C variants showed them to be hexamers and to be folded
as native Tn-C [10]. Chondrogenic nodule formation was used
as a marker of chondrogenesis.
2. Materials and methods
2.1. Recombinant Tn-C production
Production of recombinant Tn-C has been described in detail else-
where [10,11]. Essentially, variants were prepared from full length
cDNA for the 230 kDa species of chicken Tn-C using a PCR based
method, splicing by overlap extension [12]. Constructs were subcloned
into the eukaryotic expression vector pCNAI/NEO and expressed in
HT1080 human ¢brosarcoma cells. Tn-C variants were puri¢ed from
the conditioned culture medium using immunoa⁄nity chromatogra-
phy with monoclonal antibodies appropriate for speci¢c variants [10].
2.2. Primary culture of CEWB cells
CEWB cells were isolated from stage 23^24 [13] White Leghorn
chicken embryos with 0.1% trypsin (Difco Laboratories, Detroit,
MI, USA) and 0.1% collagenase (Worthington Biochemical Corp.,
Freehold, NJ, USA) in Ca2 and Mg2 free phosphate bu¡ered saline
(PBS) (10 min, 37‡C with shaking). Cells were washed with Dulbec-
co’s minimal essential medium containing 10% fetal calf serum (FCS),
gentamicin (50 Wg/ml) and amphotericin B (2.8 Wg/ml; DMEM) and
¢ltered through 40 Wm nylon mesh. Final cell density was adjusted to
8U105 cells/ml with DMEM.
2.3. Chondrogenesis assay
For preparation of substrata, individual wells of 96 well tissue cul-
ture dishes were incubated with 50 Wl/well PBS or recombinant Tn-C
(50 Wg/ml) in PBS for 1 h at room temperature (RT). 50 Wl DMEM
was added to each well followed by 50 Wl CEWB cell suspension.
Final cell density was 4U104 cells/well. Cells were cultured (37‡C,
5% CO2) for 3^4 days with DMEM replaced daily. In some experi-
ments, numbers of non-attached cells were counted after 18 h in
culture. Cells were ¢xed (4% paraformaldehyde in PBS, overnight,
4‡C) and highly sulfated glycosaminoglycans in the chondrogenic
nodules were stained using 0.5% Alcian blue dye in 3% acetic acid,
pH 1.2 (1 h, RT). Following 3% acetic acid destain washes, Alcian
blue stained nodules were counted.
2.4. Cell attachment assay
Individual wells of a 96 well tissue culture dish were incubated with
PBS, recombinant Tn-C or ¢bronectin (20 nM) to form substrata, as
described. Wells were then incubated with 1% heat denatured (80‡C,
15 min) bovine serum albumin for 1^2 h. CEWB cells were prepared
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as described above and were cultured overnight. CEWB cells were
incubated with 0.05% trypsin in Ca2 and Mg2 free PBS (10 min,
37‡C) and non-attached cells were washed with DMEM in the ab-
sence of FCS. Cells were added to the prepared substrata at 4U104
cells/well in 0.1 ml and incubated at 37‡C in 5% CO2 for 90 min. Non-
adherent cells were removed with the medium and adherent cells were
¢xed with 4% paraformaldehyde and stained with 1% toluidine blue
(2 h, RT). After destain washes with PBS, cells were lysed with 2%
sodium dodecyl sulfate and optical density at 600 nm was measured.
2.5. Cell proliferation assay
CEWB cells (4U104 cells/well) were cultured on substrata of re-
combinant Tn-C or on tissue culture plastic only. After 24 h, fresh
DMEM containing 10 WCi/ml [3H]5-methylthymidine (Amersham Life
Sciences, Amersham, UK) was added. Cells were incubated for a
further 18 h before being dislodged by trypsinization (0.05% trypsin,
10 min, 37‡C), transferred to 96 well dishes with ¢lter bases (Multi-
screen1 Assay System, Millipore, Watford, Hertfordshire, UK) and
washed using vacuum ¢ltration. DNA was precipitated with 20% tri-
chloroacetic acid (TCA; overnight, 4‡C) and washed with 10% ice-
cold TCA. Filters were transferred to scintillation vials containing 0.4
ml of a 0.42% (v/v) household bleach solution and were incubated
overnight at RT. Scintillation £uid was added (4 ml/vial) and incor-
porated [3H]thymidine was measured using a scintillation counter.
2.6. Statistical analysis
Data were analyzed by Student’s t-test or analysis of variance with
multi-variant analysis using SPSS computer software.
3. Results
3.1. E¡ect of recombinant Tn-C substrata on chondrogenesis
With the exception of two variants, culturing undi¡erenti-
ated CEWB cells on a substratum of recombinant Tn-C in-
creased numbers of Alcian blue stained chondrogenic nodules
signi¢cantly (P6 0.05; Figs. 2 and 3). No signi¢cant di¡er-
ence in chondrogenic nodule count was recorded for CEWB
cells cultured on tissue culture plastic (control) and those cul-
tured on Tn-FB3, which lacks the ¢brinogen-like domain.
Tn-230, a full length Tn-C including non-constitutive Fn
type III-like repeats A, B and D, and Tn-260 containing all
six non-constitutive Fn type III-like repeats, elicited a ¢ve-fold
increase in chondrogenic nodule number compared with con-
trol. The highest increase (v10-fold) was achieved with Tn-
190, the shortest full length recombinant Tn-C (containing
only constitutive Fn type III-like repeats), Tn-Fn3 (lacking
all Fn type III-like repeats), Tn-EGF3 (lacking all EGF-like
repeats) and Tn-ADC+ (a full length isomer including non-
constitutive Fn type III-like repeats AD2, AD1 and C).
Tn-EFn3 lacks EGF- and Fn type III-like repeats and is
essentially a hexamer of ¢brinogen-like domains only. Cultur-
ing CEWB cells on a Tn-EFn3 substratum failed to stimulate
chondrogenesis (Fig. 3).
3.2. E¡ect of recombinant Tn-C substrata on CEWB cell
adhesion and proliferation
Chondrogenic nodule formation in CEWB cell cultures is
dependent partly on cell density [14] which, over a 3 day
Fig. 1. Representation of monomer units of recombinant Tn-C hexamers used in the current study. Non-constitutive Fn type III-like repeats
are ¢lled. Tn-190, Tn-260, Tn-230 and Tn-ADC+ represent splice variants known to occur in vivo.
Fig. 2. Chondrogenic nodule formation in CEWB cells cultured on
Tn-C variants. Mean þ S.E.M., n = 8. Analysis of variance de¢ned
three groups with signi¢cantly di¡erent mean Alcian blue stained
chondrogenic nodule values (a, b and c) using 95% con¢dence lim-
its.
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culture period, is dependent on cell adhesion and prolifera-
tion. Adhesion assays showed that in the absence of serum,
tissue culture plastic, Tn-190, Tn-230, Tn-ADC+ and Tn-
FB3 allowed attachment of approximately half as many cells
as ¢bronectin (Fig. 4). Attachment of cells to Tn-260 was
reduced compared with other Tn-C substrata (P6 0.05),
whereas Tn-EFn3 showed enhanced attachment (P6 0.05).
Cell proliferation was also investigated (Fig. 5). Most substra-
ta had no e¡ect on [3H]thymidine incorporation compared
with cells cultured on tissue culture plastic alone. Tn-190
and Tn-ADC+, however, signi¢cantly increased
[3H]thymidine incorporation above control (P6 0.05). Data
are expressed as [3H]thymidine incorporation/well and do
not take into account initial cell number, which is in£uenced
by cell adhesion. [3H]Thymidine incorporation per cell for Tn-
190 and Tn-ADC+ was calculated using 18 h cell numbers to
be 187 and 195% of control, respectively.
4. Discussion
The majority of recombinant Tn-C variants tested, includ-
ing the shortest full length recombinant Tn-C, Tn-190, stimu-
lated chondrogenesis in CEWB cell cultures. Of the larger
variants, only that lacking the ¢brinogen-like domain (Tn-
FB3) was unable to stimulate chondrogenesis indicating
that this domain is critical for Tn-C activity. A variant con-
sisting only of a hexamer of ¢brinogen-like domains was,
however, unable to stimulate chondrogenesis, indicating that
the spatial arrangement of the domains is probably important.
Since both Tn-EGF3 and Tn-Fn3 stimulated chondrogene-
sis, it appears that EGF-like repeats and Fn type III-like
repeats are interchangeable as spacers. Inclusion of non-con-
stitutive Fn type III-like repeats A, B and D in Tn-230 de-
creased chondrogenic potential. This may help to explain the
distribution of Tn-C isoforms in the developing chicken long
bone, as reviewed in [6]; Tn-190 is the major isoform ex-
pressed by cells actively synthesizing cartilage, whereas osteo-
genic cells, which are not involved in cartilage production,
express Tn-230. Undi¡erentiated mesenchymal cells express
both isoforms, since cell lineage has yet to be determined.
Tn-ADC+, which includes the non-constitutive Fn type III-
like repeats AD2, AD1 and C, stimulated chondrogenesis at
or above Tn-190 levels, suggesting that the partial inhibition
seen with Tn-230 is speci¢c for Fn type III-like repeats A, B
and D and is not caused by interruption of constitutive Fn
type III-like repeats 5 and 6.
In mesenchymal cell cultures, only cells at high density will
undergo chondrogenic di¡erentiation. It was, therefore, neces-
sary to determine whether di¡erences in chondrogenesis stim-
ulating activity between variants could be attributed to di¡er-
ences in adhesive or mitogenic properties. Indeed, the
¢brinogen-like domain, which was critical for chondrogenesis,
has been shown to be important for binding of Tn-C to
smooth muscle cells [15] and ¢broblasts [10,16]. Since the
aim of these experiments was to determine whether cell^sub-
stratum adhesion a¡ected the outcome of chondrogenesis as-
says, adhesion assays were carried out in the same type of
tissue culture plastic as the chondrogenesis assay. Therefore,
unlike controls for adhesion assays carried out on bacterial
plastics, in this study, control wells provided a moderately
good substratum for adhesion, although not as good as ¢bro-
nectin. In comparison with tissue culture plastic, only Tn-
EFn3 promoted cell adhesion while Tn-260 demonstrated
anti-adhesive activity. Thus, the ¢brinogen-like domain
when presented without additional regions of Tn-C was a
good substratum for adhesion of CEWB cells even though it
was unable to stimulate chondrogenesis. The largest recombi-
nant Tn-C (Tn-260), although able to stimulate chondrogen-
esis, was less adhesive than control. These results demonstrate
Fig. 3. Chondrogenesis in CEWB cells cultured on tissue culture
plastic, Tn-190 or Tn-EFn. Mean þ S.E.M. of three experiments.
Fig. 4. Attachment of CEWB cells to Tn-C variants or ¢bronectin.
Mean þ S.E.M., n = 6.
Fig. 5. Incorporation of [3H]thymidine into CEWB cells cultured on
Tn-C variants. Mean þ S.E.M., n = 6.
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that the ability of Tn-C to promote chondrogenesis is inde-
pendent of its ability to support initial adhesion of CEWB
cells.
Tn-C is mitogenic for some cell types [17]. In this study,
only Tn-190 and Tn-ADC+ stimulated proliferation of
CEWB cells. Ability to induce proliferation was not, however,
essential for stimulation of chondrogenesis but it may help to
achieve the highest possible levels. Mitogenic activity appears
to reside within the ¢brinogen-like domain, since this is the
sole di¡erence between Tn-190 (mitogenic) and Tn-FB3 (non-
mitogenic) ; it also appears to be suppressed by the presence of
non-constitutive Fn type III-like repeats A, B and D.
Tn-C is present in early mesenchymal condensations of
chicken long bone and stimulates chondrogenesis in culture.
That the ¢brinogen-like domain is necessary, but not su⁄-
cient, for stimulation of chondrogenesis was demonstrated.
Other regions appear to be necessary possibly for providing
the required spatial organization. Speci¢c non-constitutive Fn
type III-like repeats not usually expressed in chondrogenic
regions also appear to cause partial suppression of Tn-C ac-
tivity. These results emphasize the potential importance of
isoform switching as a possible means of regulating Tn-C
function. Stimulation of chondrogenesis by Tn-C is not
caused simply by an e¡ect on cell attachment while stimula-
tion of CEWB cell proliferation by Tn-C is not necessary for,
but enhances the chondrogenic capacity of Tn-C. These re-
sults demonstrate that multiple interactions between Tn-C and
mesenchymal cells contribute to the role of Tn-C in the reg-
ulation of chondrogenesis.
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